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H =  Mi Hext +Mi 

A i( ) Mi( )
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N + JijMi M j + Dij Mi M j( )+Mi  Bij M j( )
i j
N , N
+ M
i M j
dij
3 
3 Mi  nˆij( ) M j  nˆij( )
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i j
N , N
Hext

A i( )
V V Jij
dij Jij = Jij dij( )
Dij
 

Bij
nˆij
Hext = Hext i{ },t( )
H an =  12 Ki,a qˆ a
i Mi( )2
i=1
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a=1
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Ki,a{ } qˆ ai{ }
Heff
i = Hext + Ki,a qˆa
i Mi( )qˆai
a=1
3  JijMi
j=1
i j
N + M j
dij
3 +
3 M j  nˆij( )nˆij
dij
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i j
N
mi =Mi / Mi
Ti = 0 M
i = MS
 = t  MS 
 G
heff
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i MS
25
$(
 #"
(
 1	#
#$
# * "## $#!( 
 (
 
!(

"

       2:19=3
 # 
 
#( !( 
 $"  
"&(
# %
# # $#  # 
 # #
## 1
#
(
#%!((
2:19:3#"(
0
       2:19>3

!( # ((#
"(
()
)
"
 
"
%  
 "
  $
 "

 # )" !( 
# (
# 2:19=3 + 2:19>3 % "
$ 
 #
 #$"($("
/ #$
 
!(
"
$"

#(
##
##

#% 1
#"

 
"&(
#%
#+ /
#$"!(
      2:1:83
 # $#  #$ "

#  
#  ## #

# $ "
#/ + 
" "#$
$##$"#*$"
#"
,
#1
 
$/ 
"
$"(
" "##
##/)
#
)
(
"

# #

# $"(
# 
!(1 # )
"# * "$
# & #   #/  "  /  
"


$"
#
$/  
"
#
$"
#!( 
4;95/    
"
 "#$
#    4=<51 #$

 
# "(
#
"
%
#   "
  # 
"#  /  +
/"# %)
$1"$
$/
#

%  #$"

 #  #(#/      +
mi = 1
dmi
d = m
i  heffi  mi  mi  heffi( ),
 i  
 dm
i
d = m
i  heffi  Gmi  mi  heffi( ),
T =  /
Ti  0
 i dm
i
d = m
i  heffi   imi  mi  heffi( )+Gi ,
 i{ } Gi
MS
MS[Co] 1.42106 A /m MS[Ni ]  4.8105 A /m
Mn12 MS[Mn12 ]  4.77104 A /m
 MS[Co]  308GHz  MS[Ni ] 106GHz
 MS[Mn12 ] 10.5GHz  = 1( )
ts[Co] = 1/  MS[Co]( )  3.2 ps, ts[Ni ] = 1/  MS[Ni ]( )  9.4 ps,
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ts[Mn12 ] = 1/  MS[Mn12 ]( )  95.2 ps,
Ti = 0
mi = cos i sin i ,sin i sin i ,cos i( )T
 i =  i t( )  i =  i t( )
d i
dt
+  i sin i d
i
dt
=  1
sin i
H
 i ,
 i d
i
dt
+ sin i d
i
dt
= H i ,
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H mi ,t( )= H  i , i ,t( )
 i = 0
cos i , i( )
dMi dt = 0
  G Mi Heffi +Ti = 0.
Ti  0
Mi Heffi = 0,
Mi = Ms
i
M =Mh +M Mh
M M 1
M
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dM
dt
=

L M,

L Mh
M =Q0 exp t( )

L Q0 = Q0

L
T  0
M
Hext
nˆ T = 0
 = 0
heff = hext +  m  nˆ( )nˆ,

dm
d =  m hext +  m  nˆ( )m nˆ( ).
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hext = hxxˆ
nˆ = zˆ
dmx
d = mymz
dmy
d = mx  hx( )mz ,
dmz
d = hxmy .
m0, a(± ) = ±xˆ
m0, b = pxˆ ± 1 p2 zˆ p = hx 
m0, a(+ ) hx 1 hx 1
m ( )
m0, b
m ( ) = p  X cos u ( )( ), Y sin u ( )( ), ± 1 p  X cos u ( )( )( )2  Y sin u ( )( )( )2

 .
du
d = ± 1 p  X cosu( )
2  Y sinu( )2 ,
 = Y X
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0 -
 = ± 1
dz
1 p  X cos z( )2  Y sin z( )2u0
u
 .
q = cos z
I = dq
1 q2( ) a + bq + cq2( ) =
1
c
dq
1 q2( ) A + q( ) B + q( ) ,
a = 1 p2 Y 2 b = 2pX c = Y 2  X 2 c > 0
F  ( )
I = 2
c A +1( ) 1 B( ) F sin
1 A +1( ) B + q( )
B +1( ) A + q( )




A 1( ) B +1( )
A +1( ) B 1( )




,
u ( )
my mz
hx  = 1 hx  = 5 8
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mi = 1
N
dXk d = Fk X,( )
k = lim

1
 ln
 Xk ( )
 Xk  0( )
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 Xk ( )
 X
dX
d =

J X,

J F X

J ab = Fa Xb
N +1( )N
1  2  ... N .
1 = max
(i ,Ni+1)
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m =M /MS MS
 x , y , z( ) xˆ, yˆ, zˆ( )
hext = h0 + hT sin ( ),
h0  zˆ( ) hT  zˆ( ) 
t  =  MSt
h0 T( ) = H0 T( ) /MS  = /  MS( )
MS  MS
104 105 A /m
102 GHz
 a
 j = 2K j μ0Ms2  N j K j
N j
 a
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 x  0, y  0,  3 = 0
 = 
 dmx
d = hzmy +  y  z( )mymz + hymz sin   hymxmy  hx my
2 +mz
2( )( )sin
mx  y  x( )my2 + hz +  z  x( )mz( )mz( ),
 dmy
d = hzmx  hxmz sin   x  z( )mxmz + hy mx
2 +mz
2( )sin
my hxmx sin  +  x  y( )mx2 +mz hz +  z  y( )mz( )( ),
 dmz
d =  x  y( )mxmy + hxmy  hymx( )sin +  hz +mz z( ) mx
2 +my
2( )
mz  xmx2 + ymy2 + hxmx + hymy( )sin( ),
d
d = ,
 = 1+  2
m = 1
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    ,1+3-
 0
 = hx = hy = 0
dmx
d = hzmy +  y  z( )mymz ,
dmy
d = hzmx   x  z( )mxmz ,
dmz
d =  x  y( )mxmy .
m = ±zˆ
 x = y = 0  z  0
m( ) =
0
0
mz0






+
mx0
my0
0






cos 0( )+
my0
mx0
0






sin 0( ),
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0 = hz + zm0z
mx0
2 +my0
2 +mz0
2 = 1
mz =
1
2hz
 z  x( )mx2 +  z  y( )my2  2G + z( )( ),
G mx ,my( )
u mx ,my( ) = X cosu,Y sinu( )
du
d = A + Bmz (u),
A = Xhz /Y B = X( z  x ) /Y u
du
d = a + bsin
2 u + ccos2 u,
a = X(hz  ( z  x )(2G + z ) / (2hz )) /Y b = ( z  x )2 X 3 / (2Yhz )
c = ( z  x )( z  y )XY / (2hz )
u( ) = tan1 a + b
a + c
tan  (a + b)(a + c) + tan1 a + c
a + b
tan(u0 )
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hx hy  z = 0
 x = y = 1
hT
hT
 x =  y = 1
hy = 0 hx hx
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hz  3( ) hx
 z  x
 y = 0  y = 2.5  = 1.0 hx = 2.45 hy = 2.45 hz = 0.1  = 0.05
 x =  z = 0.02
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 z = 0.17 x2 +1.32 x + 3.5  x < 0
 x  y  z = 1.0
 y = x  y(x )
 x2 + y2 = 3.72
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 y(x )
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i,k( ) = 1,2 i  k Hext i
ni J
i
J
J < 0 J > 0( )
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nˆ1 = nˆ2 = nˆ nˆ = zˆ Hext
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Hext = Hxxˆ
mi =Mi /MS  = t  MS
dmi
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i  hxxˆ + mzi zˆ + Jmk( ) mi  mi  hxxˆ + mzi zˆ + Jmk( )( ),
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hx = Hx /MS
dmx
i
d = mz
i Jmy
k  imyi( ) Jmyimzk
+ hx + Jmxk( ) myi( )2 + hx + Jmxk( ) mzi( )2 mxi Jmyimyk + Jmzimzk + i mzi( )2( )( ),
dmy
i
d = hxmz
i + J mx
i mz
k mxkmzi( )+ imxi mzi
+ J myk mxi( )2 + mzi( )2( )myi mxi mxk +mzimzk( )( ) hxmxi myi  imyi mzi( )2  ,
dmz
i
d = hxmy
i + J my
imx
k mximyk( )
+ imzi mxi( )2 + myi( )2( )+ J mzk mxi( )2 + myi( )2( )mzi mxi mxk +myimyk( )( ) hxmxi mzi  .
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m1 = m2 = 1
 = 0
1 = 2 = 0 L =m1 +m2
dL
d = L h,
L( ) =
Lx (0)
0
0






+
0
Ly(0)
Lz (0)






cos hx( )+
0
Lz (0)
Ly(0)






sin hx( ),
Lj 0( )
 j  0
J = 0
 j  0 J  0
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dmz
j
d = hx + J( )my
j +  hx + J   j( )mzj  Jmyk + Jmzk ,
 ma,bn( ) n > 2
(hx + J ) hx  J + 1 J J
hx + J (hx  J + 1) J J
J J (hx + J ) hx  J + 2
J J hx + J (hx  J + 2 )






 ,
 4 + a3 3 + a2 2 + a1 2 + a0 = 0,
aj
a3 =  4 hx + J( ) ( ),
a2 = 2hx
2 + 4J  ( ) hx + J( ),
a1 =  4hx3 + 3hx2 4J  ( )+ 2hx 4J 2  3J +( ) 2J J ( )( ),
a0 = hx hx + 2J( ) hx2 + hx 2J  ( ) J +( ),
 = 1 + 2  = 12
 = R + ı I =  + ı  
 c  ,
 c  4 / 4(hx + J ) ( ) .
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mx2 1 = 2
2 =
a tanh b1 + c( ) 1 (2.0,0)
tanh1 1 / a  c( ) /b 1 (0,0.378)



mx1 mx2  a,b,c( ) = 0.3845,1.3477,0.0442( )  
mz1 = mz2 = 1( )
1 1 2 1
mxa  0
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Hext
Mi i = 1,2( )
Heff
i
Heff
i = Hext + i Mi  nˆi( )nˆi + d3 3 Mk  rˆ( ) rˆ Mk( ),
i,k( ) = 1,2( ) i  k i nˆ d
rˆ
MS
1 = MS
2 = MS 1 = 2 =  n1 = n2 = zˆ
mi =Mi MS
heff
i =Heff
i /MS hext
i =Hext
i /MS
hext = h0 + hT sin ( ),
h0  zˆ( ) hT  zˆ( )  t 
 =  MSt  = /  MS( ) rˆ
rˆ = xˆ
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dmx
i
d = hz my
i + mximzi( )+ hy mzi mximyi( )+ hx myi( )2 + mzi( )2( )( )sin
            + d3 mz
k + mykmxi( )myi  myi + d3 myk  mzkmxi( )( )mzi
            + 2 d3mxk myi( )2   mxi  2d3mxk( ) mzi( )2 ,
dmy
i
d = hz mx
i  myimzi( ) hx mzi + mximyi( )  hy mzi( )2 + mxi( )2( )( )sin
              myi + d3myk( ) mzi( )2  d3 mzk + 2mxkmyi( )mxi   d3myk mxi( )2
            + mxi  d3 2mxk  mzkmyi( )( )mzi ,
dmz
i
d = hx my
i  mximzi( ) hy mxi + myimzi( )( )sin
            + d3 mx
imy
k + 2mx
kmy
i( )+  mykmyi  2mxkmxi( )mzi( )
            +  mxi( )2 + myi( )2( ) hz + mzi  d3mzk( ),
i,k( ) = 1,2( ) i  k
 = 80000
 = 4000
72
  3  ### $& $  1  ( $  $(%% !"(
!#  &*  !#$% $$3   # )#  !#%#$ *(%$  
$$%1 1 1 + $$(#%$%(3	$!#%#$ 
*##!$( !#$%3
	
5,"(#6#$"($($%#
	 #$( !%(
 !  +   $% 3 	$ !#%#$ $ $2  + 3 5#6
! #(##!,"(#3	$$$!$546#
!#$($%#39383
	(#937($%#(#$#!#$%
	 #$( 
  $%  +   !%(  ! 3 $% ($%# ( !% #  
!# !# 1 %#  # $%#3  $% # 1  !  $ 
$(%%#!##!#  %# $$%%%# $!$3!(
!#%(##$%(%1!#$!$!($!##$ #%$ !%$3
# 1!# $*(*$$%%1$!#%#(%$(%
$%3 # %%1 $ !( $##  #      !  
%#  !#3 	 #  %# $  &$ + !# $   "(
 = 3.91 E = 0.1%
 = 1 hy = 1  = 0.5  = 0.05 hx ,hz ,d( )
hx d  = 0.5,   = 1, = 0.05,hy = 1 hz = 1
d hx
d 0.7
d 3 hx
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d =  0.550 hx  =  0.412
mx
i ,my
i ,mz
i( )
d =  0.800 hx  =  2.034
mx
mx
1 = mx
2 = 1 mx1 = mx2 = 1
d =  0.824 hx  =  2.162
mx
i ,my
i ,mz
i( )
mx
1 = mx
2 = 1 mx1 = mx2 = 1
x d =  0.935
hx  =  2.709
x
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i{ }  i{ } i = 1,2( )
z =
mz
1  mz1( ) mz2  mz2( )
mz
1  mz1( )2 mz2  mz2( )2
.
1,1( )
z = 0
 =  1( )  2( ) ,
 j( ) =  j  j  = 0
 1( )  2( ) = 1
z  ( )1 1 > 0
 = 0 1 > 0  = 0
78
% # 

!&
,

 


 
 %

 $#
   
 
 
 # #  
  
  
 
  
 % 
 
  # 
  #  
   , 

 
 
  
 #

 

# 


# 
 # 
&
,


	
.&#
/



## 
 #

 #

 %  ,.
/	
!-&

!

.
/ ,
 
+ * * * % ,
 
 &# 
#
1,1# 
#




 
 #

 #
 % ,
 



  
   
  
  
    
 % 
  
 
, 
 

 # 
#
$
 
&
%
&
 

,$

   
! #



0, 
 
!&
 #  #
  #
 

 , 

 
!
  
  #
      
 
!&

,
1 > 0 2 > 0 z

3%
z
hx hz |1+ z |< 3%
 = 0.5  = 1  = 0.05 d = 0.8 hy = 1
z hx hz d = 0.8
hx 1.5
hz z
{0 hz  0.2,1 hx 1.5}
{0 hz 1,1.5 hx  2.5}
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